Abstract 24 Staphylococcus aureus is a major human pathogen that can cause infections that range from 25 superficial skin and mucosal infections to life threatening disseminated infections. S. aureus can 26 attach to medical devices and host tissues and form biofilms that allow the bacteria to evade the 27 host immune system and provide protection from antimicrobial agents. To counter host-generated 28 oxidative and nitrosative stress mechanisms that are part of the normal host responses to invading 29 pathogens, S. aureus utilizes low molecular weight (LMW) thiols, such as bacillithiol (BSH). 30 Additionally, S. aureus synthesizes its own nitric oxide (NO), which combined with its 31 downstream metabolites may also protect the bacteria against specific host responses. We have 32 previously shown that LMW thiols are required for biofilm formation in Mycobacterium 33 smegmatis and Pseudomonas aeruginosa. Our data show that the bshC mutant, which is defective 34 in the last step of the bacillithiol pathway and lacks BSH, is impaired in biofilm formation. We 35 also identify a putative S-nitrosobacillithiol reductase (BSNOR), similar to a S-nitrosomycothiol 36 reductase found in M. smegmatis, and show that the BSNOR mutant has reduced levels of BSH 37 and decreased biofilm formation. Our studies also show that NO plays an important role in biofilm 38 formation and that acidified sodium nitrite severely reduces biofilm thickness. These studies 39 provide insight into the roles of oxidative and nitrosative stress mechanisms on biofilm formation 40 and indicate that bacillithiol and nitric oxide are key players in normal biofilm formation in S. 41 aureus. 42 43 Importance 44 Staphylococcus aureus is the most frequent cause of biofilm-associated infections in hospital 45 settings. The biofilm mode of growth allows the pathogen to escape the host immune response and 46 3
(MSMEG_4340) (56). This mutant along with mutants lacking the LMW thiols, MSH and 145 ergothioneine (ESH), was more susceptible to S-nitrosoglutathione (GSNO) (56). Since MSH is 146 structurally similar to BSH, we reasoned that the S-nitrosobacillithiol reductase (BSNOR) would 147 be similar in sequence to the mycobacterial protein. MSMEG_4340 amino acid sequence and 148 BLASTp analysis was used to identify the protein with the most amino acid identity/similarity in 149 S. aureus (strain SAUSA300_FPR375). ORF SAUSA300_0055 contained the most identity at 150 35% (127/357) and similarity at 54% (193/357) with 96% coverage to MSMEG_4340 (E-value = 151 1e -72 ). We obtained a S. aureus USA300_FPR375 LAC JE2 transposon mutant disrupted in this 152 ORF from the "Network on Antimicrobial Resistance in Staphylococcus aureus" through BEI 153 Resources to characterize its role in biofilm formation and response to oxidative and nitrosative 154 stressors. Under standard growth conditions in rich TSB media, the mutant grew similar to 155 wildtype (WT) . Surprisingly, the mutant also grew similarly to WT when treated with GSNO and 156 sodium nitrite (Supplemental Figure 1 ). Since S-nitrosothiol reductases have a dual activity as grown under planktonic culture conditions ( Table 1 ). The MIC for DTT and sodium nitrite was 166 the same for the WT grown under biofilm conditions (Table 1 ). There was an approximate two-167 fold increase in the WT MIC for diamide under biofilm conditions, indicating that biofilms are 168 more resistant to this oxidant. 169 170 Bacillithiol levels decrease in the BSNOR mutant upon treatment with sodium nitrite. Since 171 BSH can buffer NO by forming BSNO, we measured BSH levels upon exposure to sodium nitrite 172 in the WT and BSNOR transposon mutant. As the MIC for sodium nitrite was 31.25 mM, we chose 173 20 mM sodium nitrite as the sublethal concentration for testing the effect of sodium nitrite on BSH 174 levels. Treatment with 20 mM sodium nitrite did not cause cell death as indicated by a lack of 175 change in CFUs before or after 30 mins of sodium nitrite treatment in both WT and BSNOR mutant 176 strains. However, treatment with sodium nitrite resulted in a decrease in BSH levels from 1.21 to 177 0.81 µmol/g dry weight in the WT and a decrease in BSH levels from 1.15 to 0.62 µmol/g dry 178 weight in the BSNOR transposon mutant. There was no difference in BSH levels in the untreated 179 WT and BSNOR mutant, but the BSNOR mutant had significantly less BSH levels relative to WT Sodium nitrite has no effect on bshC and BSNOR expression. To determine if the decrease in 183 BSH was due to a decrease in BSH biosynthesis, bshC expression levels were quantified using 184 qPCR on WT cultures treated with sodium nitrite. At 5 min post-treatment, bshC is repressed 185 (0.47) and remains repressed even after 30 min of sodium nitrite treatment. This data indicates that 186 sodium nitrite causes repression of BSH biosynthesis through transcriptional control ( Figure 2 ).
187 Surprisingly, BSNOR expression does not change after 5 min or 30 min of sodium nitrite exposure.
188
The positive control, the catalase katA, is induced three-fold (53).
189
We also checked bshC and BSNOR expression after treatment with oxidants ( Figure 2 ).
190
Upon exposure to hydrogen peroxide, BSNOR is induced two-fold while katA is only induced (Table 1) . 210 We also visualized the WT biofilm formed in the presence of sublethal concentrations of 211 diamide, DTT and sodium nitrite by CSLM. Our results indicated that even sublethal 
Discussion

221
A number of studies have implicated LMW thiols in biofilm formation. Mutants defective for GSH 222 production are defective for biofilm formation in P. aeruginosa (57) and a mutant defective in 223 MSH production is defective for biofilm formation in Mycobacterium smegmatis (56). Moreover, 224 the importance of thiols may not be limited to bacterial biofilms. For example, the production of 225 GSH is upregulated in the early stages of biofilm formation by the opportunistic fungal pathogen 226 Candida albicans (62). Here we report that a S. aureus mutant disrupted in the enzyme encoding 227 for the third and last step of BSH biosynthesis, and thus lacking BSH, was significantly impaired 228 11 in biofilm formation compared to the wildtype. Treatment with diamide, a thiol oxidant, also 229 resulted in impaired biofilm formation. We also treated the BSH mutant with the common concentrations would likely result in oxidative stress instead of reductive stress. Our results 239 support previous studies that indicate that other reducing agents, such as β-mercaptoethanol and 240 cysteine inhibit S. aureus biofilm formation, although they were found not to affect the initial 241 adhesion step of biofilm formation (64).
242
Biofilm formation may be connected to the interaction of LMW thiols and NO. It is likely 243 that NO interacts with BSH during S. aureus biofilm formation as our results indicate that the 244 putative BSNOR mutant, which shows a decrease in biofilm formation, also has reduced BSH 245 levels after treatment with acidified sodium nitrite. It is known that NO reacts with GSH to form 246 GSNO, which may serve as a reservoir for NO or conversely sequester GSH so that it is 247 unavailable to the cell (65). NO can S-nitrosylate proteins directly through a radical-mediated 248 pathway or indirectly via higher oxides of NO, and may compete with S-glutathionylation of Since levels of S-nitrosothiols are modulated by S-nitrosothiol reductase, which reduces 260 the GSNO to ammonia or other reduced nitrogen species (58), we measured biofilm formation in 261 a putative BSNOR mutant and found that this mutant is defective in biofilm formation. However, 262 the BSNOR mutant was not impaired in growth on formaldehyde or nitrosative stress. Other 263 mutants such as the MscR (dual function S-nitrosomycothiol reductase and formaldehyde 264 dehydrogenase) mutant in mycobacteria are impaired in biofilm formation and sensitive to these 265 stressors (56). It has been noted that S. aureus is particularly resistant to NO and nitrosative 266 stress as compared to other bacterial species (31). Additionally, a number of S. aureus genes 267 have been annotated as aldehyde dehydrogenases, such as adhA, which is highly upregulated 268 upon formaldehyde and methylglyoxal treatment (69). It has been suggested that adhA functions 269 in the LMW thiol-dependent detoxification of aldehydes, but the gene product has not yet been 270 validated as a BSNOR. Nevertheless, it is possible that there is redundancy in protection against 271 nitrosative and formaldehyde stress in S. aureus that leads to a lack of growth phenotypes under 272 these stressors for the BSNOR mutant. a disulfide linked dimer of dimers, which affects its ability to bind to promoters of several genes.
288
A mutant disrupted in BifR had enhanced biofilm formation (73). A similar redox switch 289 controlling biofilm formation may be present in S. aureus. In the bshC and the BSNOR mutant 290 strains, one would predict that treatment with sodium nitrite would lead to a decrease in BSH and 291 a more oxidized cytoplasm, which would facilitate disulfide formation of a transcriptional 292 regulator, consequently affecting expression of genes involved in biofilm formation. Additionally, 293 in the BSNOR mutant, the BSNO would not be reduced and BSH not released, causing oxidative 294 stress further affecting the regulation of biofilm formation. Whether this occurs in S. aureus needs 295 further study.
14
The data presented here indicates that the bacillithiol pathway likely interacts with NO and 297 together they play key roles in biofilm formation in S. aureus. Further characterization of the 298 mechanistic details of this interaction and a search for a transcriptional regulator or other proteins 299 that link these pathways will further our understanding of oxidative and nitrosative stress 300 mechanisms in biofilm formation in S. aureus, and may lead to the development of novel targets 301 for therapies to eliminate biofilms in the clinic. 
Materials and Methods
304
Strains and culture conditions. S. aureus USA300 (JE2) wild-type cultures were grown from 305 glycerol stocks on TSA (Tryptic Soy Agar) (BD211825) plates and incubated at 37°C overnight.
306
Antibiotics were added when appropriate (erythromycin at 10 µg/ml for mutants bshC (NE230) 307 and NE122 disrupted in SAUSA300_0055, a putative S-nitrosobacillithiol reductase. These for each concentration and the MIC assay was performed in replicate. The lowest concentration at 329 which cell turbidity was not visible was determined to be the MIC.
330
For biofilm MIC, DTT, diamide and sodium nitrite were serially diluted two-fold from 1M 331 to 61.04 µM in 100 µl TSB, supplemented with 0.75% glucose or 100 µl acidified TSB (pH 5.5), 332 supplemented with 0.75% glucose (for sodium nitrite). Cell cultures grown for 12 hours were 333 diluted to a final OD600 of 0.2 and added to all wells excluding blank (no cells added) control wells.
334
The plate was incubated with no shaking at 37°C for 60 minutes, wells were washed with PBS and 335 100 µl of media with DTT, diamide or sodium nitrite (serially diluted twofold from 1M to 61 µM) 336 was added. The plate was incubated for 24 hours at 37°C under static conditions. The media was 337 aspirated, and the biofilm was measured by OD600. Experimental data for each concentration was to either OD600 0.2, or 0.1 and incubated at 37 °C. Quadruplicates were treated with 20 mM sodium 361 nitrite once cultures reached OD600 0.5 for 30 minutes at 37 °C. Immediately after treatment, 10 362 µL of culture was serial diluted in PBS by 10 -5 , 10 -6 , and 10 -7 , and 50 µL was plated on tryptic soy 363 agar and incubated at 37 °C to determine if significant killing occurred. The remaining culture was 364 pelleted by centrifugation at 4,000 RPM for 10 minutes at 4°C and the supernatants were removed.
365
Pellets were stored at -80 °C overnight. LMW thiol analysis was performed on pellets as previously 366 described (40).
367
Tables 573 Table 1 were grown in tryptic soy broth (TSB) at 37°C while shaking before being diluted to OD600 0.05 620 in 200 uL in a 96-well plate with indicated treatments. S. aureus wildtype (green), bshC -(blue),
621
and BSNOR -(purple) were incubated at 37°C for 24 hrs with reads every hour. S. aureus was either 622 non-treated, treated with GSNO at 1 mM or 5 mM, treated with formaldehyde at 0.25 mM, 0.75 623 mM, or 1.5 mM, treated with acidified sodium nitrite pH 5.5 (20 mM), or treated with 624 methylglyoxal at 0.75 mM or 1.5 mM.
